Linear accelerator (Linac)-generated high-energy X-rays and electron beams that are generally used for radiotherapy are low-linear energy transfer (LET) forms of radiation, and have a relatively weak biological effect. High-energy X-rays and electron beams have minimal effects on tumors that contain many hypoxic cancer cells and/or large amounts of antioxidative enzymes. Examples of such tumors include malignant melanoma, various types of sarcomas, glioblastoma multiforme, and most relatively large tumors more than several centimeters in their long diameter. Thus, effective treatment of these tumors requires strategies to re-oxygenate hypoxic tumor cells and to inhibit antioxidative enzymes.
reduce degradation of hydrogen peroxide and preserve oxygen concentration in the tumor tissue for more than 24 hours.
After much experimentation, it was found that various side effects (e.g., irritation of the skin, mucous membranes, and other tissues) related to the use of hydrogen peroxide could be reduced by combining hydrogen peroxide with sodium hyaluronate [2] .
Moreover, co-administration of sodium hyaluronate with hydrogen peroxide reduced the tendency of hydrogen peroxide to readily give off oxygen in the presence of large amounts of antioxidative enzymes such as peroxidase and catalase. Thus, even when injected into the human body, its rapid degradation due to the action of antioxidative enzymes was significantly reduced, enabling the radiosensitizing effect to be exerted more safely and efficiently and for a longer duration.
Based on these experimental results, we developed Kochi Oxydol-Radiation Therapy for Unresectable Carcinomas (KORTUC) II, a new radiosensitizer containing hydrogen peroxide and sodium hyaluronate for intratumoral injection into various types of tumors that are not Figure 1 The mechanism of action of the new radiosensitizer (KORTUC II) superficially exposed [3] . The purpose of this study was to evaluate the safety and effectiveness of KORTUC II specifically for patients with chemotherapy-resistant supraclavicular lymph node metastasis under a method named KORTUC-SC (KORTUC II for chemotherapyresistant supraclavicular lymph nodes metastasis).
Materials and methods
This study was performed at Kochi Medical School Hospital from September 2006 to March 2010. A total of 12 patients (2 males and 10 females) with chemotherapyresistant supraclavicular lymph node metastasis were enrolled in the study after providing fully informed written consent. The chemotherapy regimens administrated for the patients before the radiosensitization treatment were described below: Paclitaxel weekly (Pt. Patients' age ranged from 58 to 77 years (average 65 years). Radiation therapy to supraclavicular lymph node metastases consisted of 4 Gy/ fraction, 3 fractions/ week, for a total 12 fractions, and the total radiation dose was 48 Gy. The appropriate energy level of electron beams was selected for individual patients based on the depth of the target lesion. The injection of 3 to 6 mL of the agent was initiated at the fifth radiation session and was performed twice a week under ultrasonographic guidance. The total number of injections was 5-6. The ethics committee of the Medical School of Kochi University approved KORTUC II for radiation therapy to supraclavicular lymph node metastases. Patient data and therapeutic effects are shown in Table 1 . 
Assessment of therapeutic response
Most of the 12 patients underwent positron emission tomography-computed tomography (PET-CT) examination before and 3-8 months after KORTUC-SC to evaluate the functional therapeutic response [4, 5] . By PET-CT examination, the SUV-max of the FDG accumulation decreased remarkably. The therapeutic effect was evaluated good. The final therapeutic effect of the lesion was assessed according to the Revised RECIST guideline (version 1.1) [6] , and patient monitoring and tumor assessment were performed once a month. Subsequently, patients underwent PET-CT, CT, or MRI examinations every 6 months if possible. Treatment-related complications were assessed in detail to evaluate the feasibility of the approach according to the Common Terminology Criteria for Adverse Events (CTCAE criteria Version 4.0). Patients were followed for at least 12 months.
Formulation example
One syringe (2.5 mL) of hyaluronic acid preparation with a 1% w/v concentration of sodium hyaluronate (ARTZ Dispo, Seikagaku Corporation, Tokyo, Japan) was used. This contained 25 mg of sodium hyaluronate, 2.5 mg of L-methionine, sodium chloride, potassium phosphate, crystalline sodium dihydrogen phosphate, and an isotonizing agent. The preparation was a colorless, transparent, viscous, aqueous solution having a pH of 6.8 to 7.8, a specific osmotic pressure of 1.0 to 1.2 (relative to physiological saline), and an average molecular weight of 600,000 to 1.2 million. To this, 0.5 mL of a 3% w/v solution of hydrogen peroxide (Oxydol, Ken-ei Pharmaceutical Co. Ltd., Osaka, Japan) was added immediately before use, and the solution was mixed well to prepare the radiosensitizer. This final sensitizer had a sodium hyaluronate concentration of 0.83% and a hydrogen peroxide concentration of approximately 0.5%.
Results
The treatment was well tolerated, with a minimum of adverse effects. Four (33.3%) patients showed local pain or flare at the injection site as an acute phase complication, but they were cured by local treatment within a few days; they were evaluated as having Grade I complications. Three (25%) patients showed fibrosis and sclerosis of the skin and subcutaneous tissue at the treatment site as Grade II chronic phase complications, and they are continuing to be followed.
The treatment outcome was satisfactory, and the adverse events were within the acceptable range. Of the 12 patients, 4 (33.3%) showed complete response (CR), 5 (41.6%) showed partial response (PR), 2 (16.6%) showed stable disease (SD), and 1 (8.3%) showed progressive disease (PD). The overall survival rate was 83% at 1 year (10/12 patients) and 75% at 2 years (9/12 patients). Representative PET-CT or CT examinations are shown in 
Discussion
Advanced diagnostic methods have resulted in earlier detection of recurrent cancers and/or distant metastases when they are still limited to a single site/organ (oligometastasis) [7] . For these cases, radiotherapy is considered to be a reliable method of treatment. In fact, some patients with oligometastasis have been reported to be cured by radiotherapy alone [7] [8] [9] . However, radiation therapy is not effective in all patients, particularly when the tumor contains many hypoxic tumor cells or high levels of antioxidative enzymes [10, 11] . Most radiation therapy is performed using X-rays or high-energy electron beams from a Linac; however, these forms of radiation are not ideal in terms of their lowlinear energy transfer (LET) characteristics. Almost twothirds of radiation-induced damage to cancer cells caused by these low-LET radiation sources results from the production of reactive oxygen species (ROS) in irradiated cells [12] . Therefore, oxygen is essential for oxidation of radicals produced by irradiation. However, antioxidative enzymes such as peroxidase and catalase scavenge the radicals produced by low-LET irradiation, resulting in a decreased irradiation effect. Peroxidase and catalase are abundant in most tumor tissues, as demonstrated by the fact that intrinsic peroxidase must be blocked before immunohistochemical staining of fresh tumor tissue [10, 11] .
The low-LET radioresistant tumor cells exist mostly in hypoxic regions of the tumor. In the hypoxic state, DNA damage induced by radiation is not oxidized. Moreover, ROS produced in cancer cells by radiation are eliminated by antioxidative enzymes, and this appears to impede apoptosis induced by dysfunction of the mitochondrial membrane potential and/or lysosomal membrane permeability.
Although various radiosensitizing treatments for low-LET radioresistant neoplasms have been developed [13] [14] [15] [16] [17] , a clinically applicable method has not yet been established. Many studies have examined the efficacy of increasing tissue oxygen concentration to promote oxidation of radicals produced by low-LET irradiation to cancer cells/tissue, but few therapeutic gains have thus far been observed [18] [19] [20] . Besides increasing tissue oxygen concentrations, it is important to inactivate antioxidative enzymes, such as peroxidase and catalase, which protect cancer cells from oxidative stress.
Hydrogen peroxide is the only agent that both inactivates antioxidative enzymes and produces oxygen when applied topically to tumor tissue. The method targets intrinsic peroxidase and catalase present in the tumor tissue. Therefore, KORTUC II is considered to be a new enzyme-targeting radiosensitization treatment for almost every type of low-LET radioresistant neoplasm. Indeed, the combined use of sodium hyaluronate and hydrogen peroxide preserved the oxygen concentration in tumor tissue for more than 24 hours, while intratumoral injection of hydrogen peroxide alone resulted in rapid lowering of oxygen concentrations in the tumor tissue.
Radiotherapy using this radiosensitizer can be implemented by first applying the radiosensitizer to the area of the tumor to be irradiated, and then preferably using a Linac to irradiate the affected part with X-rays or electron beams. With respect to use of the agent, it is essential to avoid direct injection of this agent into blood vessels and to confirm even distribution of oxygen micro-bubbles throughout the tumor tissue using ultrasonographic or CT guidance. Hence, KORTUC II can be thought of as a new image-guided radiosensitization method.
Kim et al. pronounced the better therapeutic effect of chemoradiotherapy for the supraclavicular lymph node metastasis 2012 [21] . The reason of the better therapeutic effect is that chemotherapy was effective for all the patients. At the moment, the treatment outcome is satisfactory and the adverse events are within the acceptable range. Since both the number of patients treated with this agent and the observation period length are insufficient, well-designed and randomized clinical trials are needed to establish the therapeutic efficacy of KORTUC-SC.
Since this radiosensitizer is safe and less expensive than other methods, and it can be applied for almost every type of low-LET radioresistant neoplasm, it may have the potential for worldwide and immediate use.
Conclusions
Based on the findings of imaging studies, KORTUC II treatment for chemotherapy-resistant supraclavicular lymph node metastasis shows remarkable therapeutic effects. KORTUC II represents a novel form of treatment using this radiosensitizer containing hydrogen peroxide and sodium hyaluronate that is injected intratumorally mainly under ultrasonographic guidance. The treatment was well tolerated with a minimum of adverse effects such as local pain at the injection site. The treatment outcome was satisfactory. The cost of the therapy is far less than that of the molecular-targeting therapy currently used, such as cetuximab. Well-designed, prospective, randomized, clinical trials are needed to establish the therapeutic efficacy of KORTUC-SC.
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